Drying is an important way to improve the quality of lignite with high moisture. In this paper, a single-shaft paddle dryer experimental system was built to investigate the drying characteristics of fine-particle lignite with diameter 0-5mm. The experimental results show that with the increasing in shaft rotation speed the flow rate of lignite increases linearly approximately and the residence time decreases correspondingly. Increasing the inclination angle of dryer frame helps increase the flow rate. Both shaft rotation speed and heating source (heat transfer oil) temperature have significant effects on outlet moisture content of lignite. Shaft rotation speed affects the average heat transfer coefficient greatly and heating source temperature affects it weakly for specified conditions. It is found that for 5-12mm coarse-particle lignite, flow is not smooth and the average heat transfer coefficient is much less than that of fine-particle lignite. This research shows that it is feasible technically to dry fine-particle lignite by using paddle dryers, but not suitable to dry coarse-particle lignite.
Introduction
Lignite (brown coal) is a kind of low quality coal with high moisture. For instance, the moisture content is normally in the range 30%-40% in China [1] [2] . High moisture causes many problems in applications, such as increasing the transportation cost, decreasing boiler efficiency, worsening grinding quality etc. Drying is an efficient way to decrease moisture content of lignite, which helps solve the above problems caused by high moisture. Although drying system needs additional expense in investment, it can produce significant profit and therefore has attracted very much attention from academy and industry [3] [4] [5] .
Research on lignite drying involves particle drying dynamics [6] [7] [8] [9] and different drying methods and devices, such as fixed bed drying [10] [11] , fluidized bed drying [12] [13] [14] [15] , moving bed drying [16] [17] , microwave drying [18] etc. Some commercial projects based on both direct and indirect drying methods have been implemented. Among them, drum-type dryer using steam or flue gas as heat medium is a popular direct contact drying device, especially in China [19] . In drum-type dryers, heat medium contacts lignite directly in which case the heat and mass transfer is very effective. Although the drum-type dryers can provide very large drying capacity and are therefore cheap, the exhausted gas treatment is expensive and the wasted heat in exhausted gas is difficult to be recovered.
Gas flow drying technique, another typical direct drying method, is also used to dry lignite [20] . Its core component is a vertical straight pipe in which flowing hot gas meets wet lignite particles and removes their moisture. The advantage of gas flow drying lies in its simplicity and large heat and mass transfer capability. But the gas-solid separation and exhausted gas treatment are difficult and expensive and the energy consumption is high like drum-type dryers.
The second type of lignite drying methods is based on indirect drying. For instance, pipe bundle dryers using saturated steam as hot medium have been applied in some lignite drying projects for a long time [5, 21] . This kind of dryers is mature but there exist strict requirements in manufacture and process control and the cost is high, especially from the viewpoint of developing countries and areas, like China.
It is known that raw lignite particle size range is very wide. Drying technique suitable for fine particles may not be good for coarse particles. For such multi-scale particle drying problem, drying technique should match the particle size and multi-scale particles means multi-method drying [22] [23] . Based on this view of point, the authors [23] proposed a two-scale lignite drying system. In Ref. [23] , for fine particles, paddle dryer with saturated steam or heat transfer oil as hot medium was selected to remove the moisture. As a typical indirect dryer, paddle dryer has been utilized in many engineering fields to remove moisture of materials [24] [25] . Its advantages include good heat transfer capability, low energy consumption, high safety and cheaper exhausted gas treatment cost. In this paper, we will present the experimental results of fine-particle lignite drying in a lab-scale paddle dryer.
Experimental Setup and Method
Zhalainuoer (China) lignite was sampled and used in experiments. Prior to drying experiments, the raw lignite was first crushed and sifted out in two particle size range, i.e. 0-5mm and 5-12mm. The former (0-5mm) is called fine-particle lignite to be used in drying experiments. The basic properties of the samples are shown in Table 1 where the proximate analysis data were measured based on Chinese Standard GB212-91 [26] . In the oil boiler, Diphyl heat transfer oil was used to transfer heat. The oil flow rate was tested by vortex flowmeter and the oil temperatures at the inlet and outlet of the paddle dryer were measured by thermal resistors (Pt100). The temperatures of lignite were tested by an infrared thermometer (RAYRPM50L3U) and the flow rate of lignite was determined by weighing using an electronic balance (TCS-150) with 0.01kg accuracy. A computer recorded the outlet lignite mass continuously and the flow rate was then calculated based the mass~time data. The moisture content of lignite was determined based on Chinese Standard GB212-91. Besides, the rotation speed of the shaft of the paddle dryer was acquisitioned by an infrared tachometer (XSM/C). In experiments, the rotation speed can be adjusted by motor inverter in the range 0-50rpm.
The experiments include two parts, i.e. cold test without heating and drying test. In cold tests, besides mass flow rate G, residence time t is an important parameter for drying process design and operation. In experiments, at one moment when lignite particles flow steadily, the feed at the inlet is ceased. The shaft rotates until all lignite particles with stock mass M in the paddle dryer are discharged. Then the residence time t is calculated as
(1)
In drying tests, the heat transfer rate is the average of oil-side and coal-side values which were validated with negligible discrepancy. For oil-side, the heat transfer rate Q oil is calculated based on the oil flow rate and temperatures at the inlet and outlet of the paddle dryer. For coal-side, the heat transfer rate Q coal is composed of the heat absorbed by the evaporated water (Q 1 ) and the heat absorbed by lignite (Q 2 ). They are determined as follows.
(2)
(4) (
The logarithmic mean temperature difference is
and the heat transfer coefficient is then
In Eq. (2), for fine particles, due to small heat capacity of gas, T g can be assumed the same as T 2 . Figure 2 shows the effects of rotation speed n on flow rate G and residence time t in cold tests. With the increasing in n, G increases linearly and t decreases. For a specified paddle dryer, longer residence time means better drying result (or lower outlet moisture content) and less handling capacity. So there exists trade-off in design and operation.
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Flow Phenomena: Fluids, Heat and Mass Fig. 2 The effects of shaft rotation speed on flow rate and residence time
The effects of inclination angle of dryer frame θ on flow rate G and residence time t are shown in Fig. 3 . Here we assume that θ > 0° corresponds to higher lignite inlet than outlet. For specified n, with the increasing in θ, G increases linearly and t decreases. In fact, the gravity of lignite particles enhances the flow from the lignite inlet end to the lignite outlet end. Even with little change in θ, G changes significantly. For example, the mass flow rate G for θ = 3° is 50% higher than that for θ = 0°. To summarize, here two methods to adjust the mass flow rate are now available. Fig.3 The effects of inclination angle of dryer frame on flow rate and residence time As the inlet moisture content of lignite is nearly the same for all cases, we use the outlet moisture content W 2 as an indicator of the drying performance. Table 2 shows the results of drying experiments. Seen from Cases 1-4 for fine particles (0-5mm), for either n = 5.82 or 2.85, decreasing rotation speed n helps enhance drying performance, i.e. decreasing W 2 . For specified n, e.g. Case1 and 3, higher oil temperature generates lower W 2 . Because lower n means less mass flow rate of lignite, it is recommended to use as high as possible oil temperature in operation. Note that the oil temperature should not be higher than pyrolysis temperature of lignite.
Paddle dryer is good at drying fine-particle lignite (0-5mm, Cases 1-4). For comparison purpose, Table 2 also documents the experimental results for coarse-particle lignite (5-12mm, Case 5). For specified n and approximately the same W 1 and oil temperature, W 2 of Case 1 for fine particles is less than that of Case 5 for coarse particles. Besides, when we repeated experiments of Case 5, the electrical current of the motor of the paddle dryer was found to increase occasionally and sometimes blockage occurred. One reason is that large particles block the flow in the shell-side due to limited gap between paddles and the inner-wall surface of the shell. Another reason is that larger particles may be crushed into smaller pieces, that also leads to greater torque and then greater electrical current. This observation reminds us that paddle dryers are only suitable for fine particles in drying process. Table 3 documents the average heat transfer coefficient of the paddle dryer. It can be seen that n has significant effect on U dryer (Cases 1 and 2 or Cases 3 and 4). We know that when n is larger, the mixing near the shaft surface is stronger, which means better heat and mass transfer. For the specified conditions in this paper, the effect of oil temperature on U dryer is weak (cf. Cases 1 and 3 or Cases 2 and 4). Besides, we notice that U dryer of Case 5 is only about 42.5% of that of Case 1. This indicates that the heat and mass transfer process is dependent upon particle size significantly. 
Summary
We tested the drying characteristics of lignite particles in a lab-scale paddle dryer. For fine-particle lignite with particle size range 0-5mm, it is feasible to use paddle dryers to dry lignite, but for coarse-particle lignite with particle size range 5-12mm, paddle dryer is not suitable. Rotation speed n is a critical parameter in paddle dryer running, which greatly affects the mass flow rate, residence time, outlet moisture content and average heat transfer coefficient. There exists trade-off or optimization in selecting n. The effects of oil temerature are also documented. The present work will provide useful reference for further engineering-scale device design and operation control.
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